Process-based land surface models are important tools to study the historical and future effects of climate change and land use change. The planting date has a considerable effect on crop growth and consequently on dynamic parameters used in land surface models, for example albedo and actual evapotranspiration. If planting dates can be related to climate, scenarios can use this relation to estimate planting dates. Such a relation is expected to differ according to agro-ecological zone. In this study, spring and summer maize planting date observations at 188 agricultural meteorological experiment stations of China, as well as monthly weather records, over the years 1992-2010 were used as the data source. In order to quantify the relation between planting dates and climate parameters, growing season monthly average minimum temperature (T min ), mean temperature (T), and precipitation (P) were used. The time trend analysis of planting dates and weather data, principal component analysis (PCA) of weather data, and multivariate regression of planting dates as affected by weather data were used. Both T min and T increased during this period in most zones, whereas precipitation showed no trend. In southwest and northwest China, maize planting dates advanced significantly for both spring and summer maize. However, in the north China plain (summer maize) and northeast China (spring maize), the planting date was significantly delayed. Ordinary least squares multivariate regression models were able to explain 33% and 59% of the variance of planting dates in the southwest China (i.e., the humid subtropics zone) for spring and summer maize, respectively. However, only 3% could be explained in the Loess Plateau. Thus, adjusting planting dates in scenario analysis using land surface models is indicated for some zones, but not others, where socioeconomic factors are dominant. calculation of the dynamic energy fluxes and thus require an accurate representation of the land cover and its status. Croplands account for around 12% of the global ice-free land cover [6] and thus play an important role in land surface processes. Therefore, an accurate representation of cropped area and its status in land surface models is necessary to predict these energy fluxes and related carbon budgets [7] , which depends on the crop planting dates and phenology in cropped areas.
Introduction
Process-based land surface models such as the CLM (Community Land Model) [1] [2] [3] are major scientific tools for scenario analysis at regional or global scale, when estimating both the historical and future effects of climate variability and land use change [4, 5] . These models depend on accurate Table 1 shows the basic information about maize cultivation in each zone. Zone I is northeast China, characterized by cold winters, warm summers, moderate precipitation, and a relatively short growing season. Precipitation is concentrated from May to September [27] . Zone II is the semiarid agricultural area of Inner Mongolia Autonomous region north of the Great Wall. In Zones I and II, most maize is spring maize. Zone III is the north China plain, which has a temperate continental climate. It is rainy and hot in summer, while dry and cold in winter. In Zone III, most maize is summer maize. Zone IV is southwest China, which has a subtropical monsoon climate. Zone V is the Loess Plateau of China, which has a temperate continental monsoon climate. Zone VI is in the arid northwest of China, including Gansu province and the Xinjiang Uighur Autonomous Region. In Zone VI, growing period precipitation is generally less than 50 mm [24] so that maize is irrigated. In Zones IV, V, and VI, both spring and summer maize are grown. Table 1 shows the basic information about maize cultivation in each zone. Zone I is northeast China, characterized by cold winters, warm summers, moderate precipitation, and a relatively short growing season. Precipitation is concentrated from May to September [27] . Zone II is the semiarid agricultural area of Inner Mongolia Autonomous region north of the Great Wall. In Zones I and II, most maize is spring maize. Zone III is the north China plain, which has a temperate continental climate. It is rainy and hot in summer, while dry and cold in winter. In Zone III, most maize is summer maize. Zone IV is southwest China, which has a subtropical monsoon climate. Zone V is the Loess Plateau of China, which has a temperate continental monsoon climate. Zone VI is in the arid northwest of China, including Gansu province and the Xinjiang Uighur Autonomous Region. In Zone VI, growing period precipitation is generally less than 50 mm [24] so that maize is irrigated. In Zones IV, V, and VI, both spring and summer maize are grown. The distributions of observed maize planting dates are shown in Figure 2 . Note the narrow range of planting dates for spring maize in Zone V, and for summer maize in Zones III, V, and especially VI. Note also the wide range of planting dates for both types of maize in Zone IV (southwest China), and the overlap between the two types, although summer maize is typically later than spring maize.
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Climate Data
Climate data including daily mean and minimum temperatures and precipitation at 188 stations from 1992 to 2010 were collected from the CMA. Some stations without data values were filled by a gridded climate product [28] . We aggregated these by month, including average minimum temperature (T min ), mean temperature (T), and precipitation (P). The precipitation (P) refers to the total precipitation in a month. For spring maize, previous studies, e.g., of van Oort et al. [29] in Europe show that spring planting is affected by the winter weather through soil conditions. Therefore, we used the monthly averages from February (mid-winter) to June (latest planting). For summer maize, the planting was in summer, so only growing season averages, i.e., March (earliest planting) to July (latest planting) were used.
Analyses
To answer the research question of whether or not there was a trend in climate variables over the 1992-2010 period we fit a linear model by ordinary least squares (OLS) regression, for each month of each maize type s season in each zone, based on the experiment stations in that zone, assuming temporal independence between years. Coefficients were tested using t tests for statistical significance at p < 0.05, by the standard error of the regression coefficient. We checked for serial autocorrelation of the OLS residuals, which would have required a generalized least squares (GLS) regression with a model of temporal autocorrelation for the error term, but found none.
To solve the research question of whether or not there was a trend in planting dates over the 1992-2010 period, we fit a linear trend by ordinary least squares (OLS) regression for each maize type in each station, again confirming temporal independence between years.
To assess at what degree planting dates are related to climate, we performed principal component analysis (PCA) data reduction on the standardized predictors, followed by OLS multivariate regression over the years, using the most important derived principal components (PCs) as predictors.
PCA was used to transform a large number of original variables into a small number of uncorrelated principal components based on their influence and quantity [30, 31] . PCA is a data transformation that replaces an original multivariate space with a transformed space, with uncorrelated axes, sorted by variance explained. The later components typically represent only a minor part of data variability, and so are eliminated, thereby reducing database dimensionality [32] , i.e., the number of predictors to be used in subsequent regression modelling. We determined the number of principal components to retain for modelling by the parallel analysis method [33] . PCA was indicated because there is a high correlation between predictors, especially the T and T min of same month. The PCs were interpreted in terms of the original variables, by examining the PC loadings. Function "principal" in the R package psych [34] was used for the PCA analysis.
We assume that the planting date decision made at each station depends only on that year's weather, i.e., no serial correlation from previous years, which we confirmed by examining the autocorrelation of regression residuals. For each spring maize in five zones, and summer maize in four zones, all observations are considered to be independent and the data from stations were combined to Ordinary Least Squares (OLS) multivariate model:
where the dependent variable PD i,t is annual planting date observation at station i in year t, from 1992 to 2010. The coefficient β 0 denotes an intercept, the design matrix X i,t has an initial column of 1 s and then one column for each principal component scoring for the maize type, at station i in year t. The equation is solved for the coefficient vector β. The error vector ε i,t assumes temporal independence between years (confirmed with autocorrelation analysis) and spatial independence between stations. In some zones there were outliers, i.e., planting dates far from the majority. Therefore, we re-fitted the planting date observation and independent variables with robust regression [35] , using the Huber and bisquare methods with default parameters suggested by the rlm function of the MASS R package [36] . All coefficients of determination were reduced by less than 3%, and all but two (Zones II and IV spring maize) by less than 0.5%, indicating that the outliers did not have high leverage in the OLS multivariate regression model. Therefore, we reported the adjusted coefficient of determination of the OLS multivariate regression as the proportion of variance explained.
Several other studies of the effect of climate on planting dates or yield [37] [38] [39] used panel regression models. In this study we did not use such models. We did not consider stations as fixed effects, because we are not interested in the differences between specific stations. There could well be systematic bias over years in individual stations (e.g., a conservative or aggressive approach to planting by the farm management); however, there is no way to distinguish any such traits from the site-specific effects of the climate. It's assumed that any bias is minimal, because these agricultural experiment stations are under the same administration and regulations.
Results

Climate Trends in the Major Maize Production Zones from 1992 to 2010
3.1.1. Spring Maize Figure 3 shows the T, T min , and P trend coefficients in the five spring maize production zones. In Zone I (northeast China) during February to April, T and T min decreased slightly. At the same time, precipitation increased significantly in February and April, which increases the risk of spring freezing with the lower temperature. T min of May increased significantly at 0.01 level. In Zone II, T, T min, and P changed little during February to June, except T min of May, which increased significantly at 0.05 level. In Zone IV (southwest China), the T and T min of March increased significantly by about 1.1 • C decade −1 and 0.9 • C decade −1 , respectively. In Zone V, only T min of May increased significantly by about 0.9 • C decade −1 and precipitation of February increased notably. In Zone VI, T and T min of June increased significantly at 0.05 level by 0.9 • C decade −1 . April, and June increased significantly by 1.5 °C decade −1 , 1.2 °C decade −1 , and 1.1 °C decade −1 , respectively.
Summer Maize
In addition, the trends in T, Tmin, and precipitation for the different zones in March, April, May, and June are not the same between Figure 3 and Figure 4 . That's because stations are different for spring and summer maize, although some regions such as Zones IV, V, and VI have a spring maize station and a summer maize station. One station only has one type maize. In addition, the trends in T, T min , and precipitation for the different zones in March, April, May, and June are not the same between Figures 3 and 4. That's because stations are different for spring and summer maize, although some regions such as Zones IV, V, and VI have a spring maize station and a summer maize station. One station only has one type maize. Figure 5 shows the trends in planting dates of spring maize. Planting dates of spring maize was delayed at 74 (59.7%) out of 124 stations, mainly in the Zones I, II, and IV, of which 13 (10.5%) were delayed significantly at 0.05 level. Especially in Zone I (northeast China), there were 35 (68.6%) stations out of 51 stations where the planting date was delayed on average by 6.1 days decade −1 . The planting date advanced at 50 (40.3%) stations out of 124 stations, advanced at 8 (6.4%) stations, mainly in the Zones IV (southwest China) and V (the Loess Plateau of China) ( Figure 5 ). The planting date advanced on average by 5.2 days decade −1 . In summary, for high latitude region, planting generally became delayed. But for middle or low latitude region, the planting date generally advanced.
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Trend of Planting Dates
Spring Maize
Summer Maize
Principal Component Analysis (PCA)
As Figure S1 shows, a scree plot and parallel analysis with 100 simulations suggest retaining 4, 3, 2, 3, and 3 principal components for spring maize Zones I, II, IV, V, and VI, respectively. Similarly, Figure S2 shows that 3, 3, 2, and 5 principal components are retained for summer maize in Zones III, IV, V, and VI, respectively. Components and factors are interpreted by examining loadings. Contributions of original variables to each principal component (PC) can be conveniently divided into three classes based on the loading scores: Strong (>0.75), moderate (0.75-0.50), and weak (0.50-0.30), respectively [40].
Spring Maize
Generally, the temperature component is the first principal component in most zones. In Zone I, four principal components explain 76% of the total variance ( Table 2 ). The first principal component (PC1) accounts for 40% of the total. This component is largely derived from a significant positive loading of T and Tmin in February to May and a moderate to weak positive loading in June. Thus, PC1 can be interpreted as a temperature factor: High temperatures are correlated with high positive values of this PC. The second principal component (PC2) explains 15% of the total variance, and is mostly a strong positive loading of T6 (monthly mean temperature of June) and moderate positively loading of Tmin6 (monthly average minimum temperature of June), opposed to a moderate negative 
Principal Component Analysis (PCA)
Spring Maize
Generally, the temperature component is the first principal component in most zones. In Zone I, four principal components explain 76% of the total variance ( Table 2 ). The first principal component (PC1) accounts for 40% of the total. This component is largely derived from a significant positive loading of T and T min in February to May and a moderate to weak positive loading in June. Thus, PC1 can be interpreted as a temperature factor: High temperatures are correlated with high positive values of this PC. The second principal component (PC2) explains 15% of the total variance, and is mostly a strong positive loading of T6 (monthly mean temperature of June) and moderate positively loading of T min 6 (monthly average minimum temperature of June), opposed to a moderate negative loading of P6 (monthly precipitation of June). PC2 thus mostly represents temperature of June beyond that accounted for (weakly) in PC1 from the earlier months. The third principal component (PC3) explains 12% of the total variance, and has a moderate positive loading of precipitation form February to May. PC3 thus represents precipitation except for the final month. The fourth principal component (PC4) only explains 8% of the total variance. PC4 is derived from a moderate positive loading of T5 (monthly mean temperature of May); a weak positive loading of P2 (monthly precipitation of February), P4 (monthly precipitation of April), and T min 5 (monthly average minimum temperature of May); and weak negative loading of P5 (monthly precipitation of May). PC4 represents the precipitation in pre-planting (February) versus the weather during the main planting period (April and May). In Zone II, three principal components explain 64% of the total variance (Table S1 ). As in Zone I, PC1 of Zone II also represents temperature. PC2 is loaded with positive loading of the first nine variables and negative loading of the second five variables. PC2 represents the weather in pre-planting versus late-planting. PC3 accounts for 11% of the total variance and is loaded with strong positive loading of P3 and moderate negative loading of P6. As such, it may represent the precipitation in March versus June.
In Zone IV, two principal components account for 74% of the total variance (Table S2 ). The PC1 correlates strong positively with temperature variables. As such, it represents temperature factor. The PC2 is loaded with moderate positive loading of precipitation and represents precipitation factor.
In Zone V, three principal components account for 67% of the total variance (Table S3 ). Like Zones I and II, the PC1 represents the temperature factor and is loaded with strong and moderate positive loading of T and T min from February to June. PC2 is loaded with moderate positive loading of T min 2, P3 and P5; moderate negative loading of T5; weak positive loading of T2, P2, T min 3, P4; weak negative loading of T6 and T min 6. It represents the factor which is combined the precipitation and the versus between pre-planting temperature to last-planting. PC3 is loaded with moderate positive loading of P4 and P6; weak negative loading of P2 and P5. PC3 represents the precipitation factor.
In Zone VI, three principal components account for 76% of the total variance (Table S4 ). The PC1 is loaded with positive loading of T and T min ; negative loading of precipitation from February to June. It appears to be a temperature versus precipitation factor. The PC2 is loaded with negative loading of T2, T min 2, T3, and T min 3; positive loading of other variables. It appears to be a factor which is combined precipitation and the versus between pre-planting temperature to last-planting. PC3 represents weather of the pre-planting factor.
Summer Maize
Similarly to the results for spring maize, the temperature component also is the first principal component in most zones. In Zone III, three principal components account for 67% of total variance ( Table 3 ). As shown in Table 3 , PC1 represents a factor that is the temperature of related month. PC2 represents precipitation factor. PC3 represents a factor which is the precipitation of pre-planting (March, May) versus last-planting (June, July). In Zone IV, three principal components explain 74% of total variance (Table S5 ). As shown in Table S5 , PC1 represents a temperature factor. PC2 represents a factor that is combined temperature of pre-planting and precipitation of late-planting. PC3 appears to be a factor which is temperature versus precipitation of pre-planting.
In Zone V, two principal components explain 68% of total variance (Table S6 ). PC1 is loaded with strong positive loading of T and T min from March to July. It represents a temperature factor. PC2 represents precipitation factor.
In Zone VI, five principal components explain 77% of total variance (Table S7 ). PC1 represents the temperature factor. PC2 represents the temperature of pre-planting versus temperature of last-planting. PC3 appears to be a factor which is the precipitation of March, April, and May. PC4 represents a factor which is the weather of April versus May. PC5 appears to be a factor which is the precipitation of late-planting (June and July). Table S8 shows the coefficients, standard error, and levels of significance for the planting date (day of year), regressed against PCA in each zone for spring maize. Table 4 shows the OLS regression of planting date on principal components of the climate variables, along with the adjusted coefficient of determination (R 2 ) for spring maize in each zone. In Zone I (northeast China) 32% of the variation in planting dates was explained by weather. PC1 (temperature factor) has a negative coefficient, meaning that warmer early-and mid-season temperatures are related to earlier planting. PC2 (higher temperature of June combined with lower precipitation of June) is related to somewhat later planting. PC3 (precipitation factor) and PC4 (the precipitation in pre-planting versus the weather during the main planting period factor) are positive coefficient.
OLS Multivariate Regression Model
Spring Maize
In Zone II (semiarid), almost none (5%) of the total variation in planting dates was explained by weather. In this zone climatic conditions are of minor importance for the timing of planting. So, these climate variables can hardly be used to explain the variation in planting dates of Zone II.
In Zone IV (humid subtropics), 33% of the variation in planting dates was explained by weather. PC1 (temperature factor) is significant with negative coefficient meaning that warmer early-and mid-season temperatures are related to earlier planting. PC2 (precipitation factor) also has negative coefficient meaning that more precipitation leads to earlier sowing.
In Zone V (the Loess Plateau of China, semiarid), the planting date regression model is as poor as Zone II. Almost none (3%) of the variation in planting dates was explained by weather variables.
In Zone VI (arid region), 10% of the variation in planting dates was explained by weather. PC1 (temperature versus precipitation factor) has a negative coefficient. PC3 (pre-planting weather factor) and PC2 (combined precipitation and the versus between pre-planting temperature to last-planting) have positive coefficients, but these did have much effect and so interpretation is not advisable. Table S9 shows the coefficients, standard error, and levels of significance for planting dates (day of year), regressed against PCA in each zone for summer maize. Table 5 shows the OLS regression and R 2 for summer maize in each zone using principal components scores. In Zone III (north China of plain), the total variation in planting dates was explained 31% by weather variables ( Table 5 ). PC1 (temperature factor), PC2 (precipitation factor), and PC3 (precipitation of pre-planting versus last-planting) have negative coefficients. In Zone IV (humid subtropics), 59% of the variation in planting dates was explained by weather ( Table 5 ). In this zone, the summer maize regression model is better than spring maize regression model (R 2 = 0.33). PC1 (temperature factor) and PC3 (temperature versus precipitation of pre-planting) have positive coefficients. PC2 (combined temperature of pre-planting and precipitation of late-planting) has a negative coefficient.
Summer Maize
In Zone V, only a small proportion (9%) of the planting date variation is explained by weather. In this zone, the summer maize regression model is also a little better than spring maize regression model (3% explained). PC1 (temperature factor) is negative coefficient. PC2 (precipitation factor) is positive coefficient.
In Zone VI, 33% of the variation in planting dates was explained by weather. In this zone the summer maize regression model is much better than spring maize regression model (R 2 = 0.10). PC2 (the versus of pre-planting temperature to last-planting) has negative coefficient. PC1 (temperature factor), PC3 (the precipitation of pre-planting and main planting period), PC4 (the weather of April versus May), and PC5 (the precipitation of late-planting) are positive coefficients.
Discussion
Zone I (Northeast China, sub-humid) is dominated by spring maize. There were 35 (68.6%) stations out of 51 stations where the planting date was delayed on average by 6.1 days decade −1 during the study period in Zone I. There were 10 stations out of 35 stations where the planting date was delayed significantly ( Figure 5 ). Previous researches also showed that the planting date of spring maize became delayed in the northeast China [24, 41] . One reason is that Zone I is located at high latitudes and extends over wide range of latitudes, and thus has a wide range of the date when planting is feasible. During 1992 to 2010, T and T min of March (the month preceding of the main sowing period) decreased, while precipitation increased (Figure 3 ). That means that the temperature decreases before planting. The PC interpreted as the temperature factor (PC1) has a negative impact on planting dates and precipitation factors (PC3 and PC4) have a positive impact on planting dates. Thus, lower temperatures and precipitations impede farmers to plant. In order to reduce the risk of spring freezing, farmers had to delay sowing. The other reason is the diminished ability of a wet soil to withstand field traffic.
Zone III (north China of plain, sub-humid) is dominated by summer maize. The planting date was concentrated in June (150~180 days) ( Figure 2 ). The temperature factor (PC1) and precipitation factor (PC2) have a similar negative impact on planting, although the monthly T, T min , and P slightly increased in most related months during 1992-2010. There are some stations with delayed planting dates. The reason of planting date delay may be rotation management system between winter wheat and summer maize [24] .
In Zone VI (arid region) and Zone IV (humid subtropics region), spring and summer maize are grown. For Zone IV, the time of sowing can be in a wide range ( Figure 2 ). Most stations advanced the planting date during the study period, especially for summer maize. The increased temperature may have caused the planting date to be advanced because in this zone, about 33% and 59% of the variation in planting dates were explained by climate for spring and summer maize, respectively. And trends of the T and T min of the related month are increased significantly (Figure 3 ). Zone VI belongs to an arid region with less precipitation, and most maize fields are irrigated. Therefore, the temperature has more effect on the planting date than precipitation.
In Zones II (semiarid) and V (the Loess Plateau of China, semiarid), climate variables can hardly be used to explain the variation in planting dates. Zone II is dominated by spring maize and Zone V includes spring maize and summer maize. For spring maize in both of zones, the planting date was slightly delayed but not significantly ( Figure 5 ) and the trends of the T, T min , and P of related month are also not significant (Figure 3 ). Zone II and Zone V are semiarid zones with less precipitation in spring. Maize fields are mainly rain-fed. So pre-planting precipitation is an important influence for planting and encourage farmers to plant earlier for spring maize. But for summer maize of Zone V, precipitation would prevent farmer from planting. This is because in Zone V precipitation is mainly concentrated in summer, and too much precipitation is bad for seed germination. In addition, planting date may be determined by other factors such as the terrain, availability of labor and machines, cultivar variety, and other conditions favorable for planting [12, 13, 20] .
In summary, the ability of explaining the variance of planting dates by climate variables in middle latitude semiarid zones (Zone II, V) is lower than other zones. For zones where both spring and summer maize are present (Zone IV, V, VI), the effect of climate on the planting date of summer maize is greater than the planting date of spring maize. Thus, using fixed temperature thresholds to determine the planting date in tropical regions is not advisable.
Conclusions
In answer to our research questions:
(1) T and T min increased in most zones for both spring and summer maize from 1992 to 2010. The monthly mean temperature increased significantly in Zone IV in March and Zone VI in June. And T min increased significantly in most zones (Zones III, IV, V, VI).
(2) For spring maize, the planting date was delayed in the high latitude region (Zone I) and advanced in the mid-low latitude region (Zone IV, V). For summer maize, the planting dates advanced with the increased temperature.
(3) The variance of planting dates can be reasonably well explained by climate variables in the humid and sub-humid zones (Zone I, III, IV) and arid zone (VI) but not in middle latitude semiarid zones (Zone II and V). The ability of explaining the variance of planting dates of summer maize by climate variables is higher than the spring maize.
Therefore, in different agro-ecological zones, and among seasons within the same zone, the effect of future climate on planting dates is expected to be different. Land surface modelers should thus only consider adjusting planting date in response to projected climate change where this research shows a close link between climate and planting, and not in others. Many other controls on planting date must be considered in the projected socio-economic context, for example labor availability, type of soil preparation and planting, and farmer response to markets.
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